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In recent decades, ultrasound has been investigated for neural modulation due to its
potential to provide high spatial resolution and low invasiveness. However, transcranial
application of ultrasound remains a challenge due to the high acoustic impedance of the
skull relative to the underlying neural tissue. This effect limits spatial resolution since
high frequencies are attenuated and reflected within bone, allowing only low frequencies to
effectively couple into neural tissue. To overcome these limitations, a thermoacoustic ap-
proach is considered in which RF is used to transmit signal past the skull and better couple
high frequency ultrasound to the brain. Ultrasound signal could potentially be superim-
posed and steered within the brain through the use of a phased array of RF antennas placed
outside the skull. To investigate this effect, this thesis presents the development of a 2D
finite difference code that incorporates varying RF input parameters to simulate ultrasound
initial pressure, velocity, and attenuation through layered phantom and human tissues. In
particular, the simulator accounts for RF absorption and fluence within different materials
due to varying antenna specifications, including peak power, pulse width, antenna gain, and
aperture size. Results of various simulations are discussed, suggesting that increasing the
number of antennas in the RF array allows for increased focusing and higher intensity of
signal at a distance from the source than can be achieved by one antenna alone. Safety con-
siderations are modeled to determine if adequate ultrasound intensity of 0.3-0.8 MPa can
be provided through the thermoacoustic effect to modulate neural activity, while remain-
ing below IEEE safety exposure guidelines of 20 mJ/cm2. Further investigation of more
v
complex array configurations is required to determine if energy density can be spread over
a large enough area to lower exposure risk, while providing clinically relevant pressures
and frequencies for the purpose of neural modulation. Finally, the finite difference code
is used to verify results from a preliminary thermoacoustic array design using omnidirec-
tional antennas that was performed at MIT Lincoln Laboratory. It was found that antennas
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1.1 Review of Ultrasound Neuromodulation
In recent decades, neuromodulation has become a promising tool for the treatment of neuro-
logical and psychiatric impairments such as movement disorders, depression, and epilepsy.
In general, these techniques work by either activating or inhibiting the electrical activity of
populations of neurons in targeted regions of the brain to drive a desired response. There are
many different neuromodulation techniques used clinically today, however, these technolo-
gies exhibit a tradeoff between invasiveness and spatial resolution. For example, deep brain
stimulation (DBS) can modulate a localized area within millimeters of the target location,
but involves surgically implanting a long flexible electrode deep within the brain (Lozano
et al., 2019). In contrast, transcranial methods such as transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (tDCS) are much less invasive such that
the patient does not need to undergo surgery to receive treatment. During TMS, the stimu-
lating device is held tangential to the head and leverages the electromagnetic effect to pulse
a magnetic field through the scalp and skull. This technique modulates electrical activity
within an area of approximately 10-20 mm on the cortex (Bijsterbosch et al., 2012). Even
more diffuse than TMS is tDCS, in which a cathode and anode are placed on the outside of
the patient’s head and electric current is passed directly through the skull, modulating the
entire cortical region between both electrodes (Datta et al., 2009),(Polanía et al., 2018). In
addition to the large area of activation, another limitation for both transcranial techniques
is that only neurons on the surface of the brain are able to be modulated. DBS, on the
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other hand, is able to reach deeper neural structures at the cost of increased chance of in-
flammation and damage to surface layer tissues during electrode implantation. There is
therefore a strong need in the field of neuromodulation for a device that can painlessly and
noninvasively target neural structures throughout the entire brain with high precision.
One technique that fits these specifications is transcranial focused ultrasound (tFUS).
The constructive interference of incident pressure waves allows directivity of the ultrasound
(US) beam to focus at any desired depth without impacting surface layer or neighboring
tissues (Blackmore et al., 2019),(Haar, 1999). Traditionally, tFUS has been employed
clinically at high intensities (approx. 1000 W/cm2) to noninvasively destroy malignant
tissue through thermal ablation (Fry et al., 1954). However, more recent advancements
indicate that low intensity US (30-500 mW/cm2) (Tyler, 2010) is sufficient to modulate
neural activity with negligible heating or damage to tissue (Tufail et al., 2010),(Lin et al.,
2019),(Mueller et al., 2016),(Yoo et al., 2011). Fry et al. in 1958 was one of the first re-
search groups to demonstrate the reversible effects of low intensity US by inhibiting visual
evoked potentials in a cat brain (Fry et al., 1958). Since then, the literature has become
rich with studies suggesting that differing US parameters can provide the versatility of both
excitatory and inhibitory behavioral responses (Blackmore et al., 2019).
In 2008, Tyler et al. showed that US has an impact at the molecular level of neuronal fir-
ing. The US pulse affects the gating kinetics of voltage-gated ion channels which ultimately
leads to increased transient ion release, action potential firing, and synaptic neurotransmit-
ter release (Tyler et al., 2008). Although a robust finding, the exact mechanism for how US
modulates cells in the central nervous system remains poorly understood. As stated previ-
ously, heating is negligible at low intensities, suggesting that the mechanism is likely due
to non-thermal effects. Indeed, Kubanek et al. observed that avoidance responses caused
by US sonication in worms was preserved in mutated wild-types without thermal sensation,
but was lost in worms mutated to lack mechanosensation (Kubanek et al., 2018). Further,
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it is well documented that US directly modulates a variety of mechanically sensitive ion
channels that are present in the central nervous system, such as Piezo1 and TRAAK K+
channels (Kubanek et al., 2016), (Qiu et al., 2019). This evidence proposes that mechan-
ical US components, such as cavitation and acoustic radiation force, are responsible for
tFUS mediated ion flux and neural modulation. It is widely debated in the literature which
component is the leading mechanism and exactly how mechanical force is coupled to the
traditional electrophysiological model of neuronal firing proposed by Hodgkin and Huxley
in 1952 (Hodgkin and Huxley, 1952).
Although the exact mechanism for how US modulates neurons is unknown, there is
still ample evidence that tFUS is clinically valuable. Lasting therapeutic effects from neural
stimulation is thought to act on neural connections similar to how synaptic plasticity occurs
in the hippocampus during learning and memory consolidation (Polanía et al., 2018). One
protein that aids in the potentiation or depression of synapses related to synaptic plasticity
is brain-derived neurotrophic factor (BDNF) (Lu, 2003). In 2010, Tufail et al. observed
that tFUS increased secretion of BDNF following sonication of the hippocampus, sug-
gesting that tFUS has the potential to provide long-term plastic changes to neural circuits
(Tufail et al., 2010). Additionally, Min et al. observed that rodents receiving tFUS exhib-
ited increased levels of the extracellular neurotransmitters dopamine and serotonin up to 2
hours following stimulation as compared to controls. These findings are promising since
both dopamine and serotonin are related to mood regulation and are directly implicated in
neurological disorders such as Parkinson’s and depression. Even more interesting is that
neurotransmitter analysis was sampled from the frontal lobe, while sonication was focused
deeper in the brain at the thalamus (Min et al., 2011). These results indicate that tFUS
has the potential to have long-term therapeutic benefit both locally and downstream of the
targeted neural network.
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1.2 Limitations of Transcranial Focused Ultrasound
One of the main limitations of tFUS is that the human skull acts as a low pass filter due to
the high acoustic impedance of bone relative to soft tissue. When transmitting US across
the skull, higher frequencies are reflected and attenuated within the bone, making it difficult
to track the acoustic signal being absorbed within the brain. Studies show that an optimal
frequency range for adequate transmission through the skull and coupling with neural tissue
is 0.44-0.67 MHz (Tyler et al., 2008). These low frequencies predict a sub-centimeter
spatial resolution as given by the following equation such that λ is wavelength, v is velocity





Since the velocity of acoustic waves in neural tissue is approximately 1550 m/s (Goss
et al., 1978), a focal region of 2.3-3.5 mm can be predicted when using the above optimal
low frequency range for transcranial acoustic transmission. These calculations are nearly
consistent with empirical data from the literature (Blackmore et al., 2019), (Legon et al.,
2014). Although tFUS can provide higher spatial resolution than other transcranial methods
used today, it would be ideal to have a noninvasive device that can provide sub-millimeter
precision. In fact, studies have shown neuromodulation can occur at frequencies as high as
43 MHz, providing a focal spot of 90 µm (Menz et al., 2013). The potential of significantly
improved spatial resolution is therefore attainable through ultrasonic methods, however,
the ability to efficiently and non-invasively couple such high frequencies to neural tissue
remains a challenge.
A second limitation to tFUS was best exemplified by Legon et al. 2014, one of the
first groups to perform successful tFUS in humans. Transmission of US across the skull
showed a reduction of approximately four times the original spatial-peak pulse-average in-
tensity (ISPPA) (Legon et al., 2014). In 2018, the same group found a six-sevenfold decrease
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in acoustic pressure across the skull, suggesting that varying skull geometry can have a sig-
nificant impact on the coupling of acoustic energy to brain tissue. In addition to intensity
attenuation, US propagation shape and path can be impacted by individual differences in
skull anatomy due to the interaction of US with the skull during transmission (Legon et al.,
2018).
To overcome challenges of attenuation and reflection within the skull, Gougheri et al.
2019 developed millimeter scale implantable US transducers to sit on top of the brain.
Higher frequencies than the transcranial limitations of 0.44-0.66 MHz can then be applied
to neural tissue at lower intensities (Gougheri et al., 2019). However, this method intro-
duces increased invasiveness and risk of infection. It is therefore necessary in the field
of US neuromodulation for there to be a technique that can transcranially deliver high
frequency, low intensity US signal that is well-coupled to neural tissue and bypasses the
varying effects of the skull.
1.3 A Thermoacoustic Approach
This thesis proposes to address challenges of tFUS application by exploring a thermoa-
coustic neurmodulation design in which RF is used to transmit signal past the skull. At its
absorption depth within neural tissue, the RF will cause instantaneous heating and expan-
sion to generate an acoustic pressure wave with an initial pressure of
p0 = ΓµaF (1.2)
where µa is the RF absorption coefficient and F is the RF fluence. The Gruneissen
parameter Γ is a dimensionless term specific to a given material that describes how volume






Here, β is the material’s volume expansion coefficient, v is the acoustic velocity, and
Cp is the heat capacity. The pressure wave then propagates away from the acoustic source
as dictated by equation 1.4.
∇





In 2018, MIT Lincoln Laboratory demonstrated internally that thermoacoustic signal
could be trancranially generated within a phantom brain using quartz to represent the skull
and Zerdine hyrdogel for the neural tissue. A single horn antenna was used as the RF
source with peak power of 2kW and 10 µs pulse width. In order to allow for focusing and
steering capability of the US signal, this thesis will explore an RF array of antennas for
use as the RF source. Antenna initiation could be modulated in time to allow for coherent
interference and consequent superposition of the US signal at a given focal location. Such
a system aims to generate sufficient acoustic waves in neural tissue at clinically relevant
frequencies and intensities, thereby reducing attenuation of US at the skull and retaining
low invasiveness observed in conventional tFUS systems. Further, such a device could
easily be made portable as compared to standard tFUS in which bulky transducers and
tracking neural navigation techniques are required (Yoo, 2018).
There are many considerations that go into creating a thermoacoustic system, particu-
larly for the intent of clinical application. Safety precautions for both RF and US exposure
limits must be met, while at the same time satisfying the US parameters necessary for
adequate modulation. For reference, the range of successful US intensity for neural modu-
lation typically occurs between 0.312-0.8 MPa (Biase et al., 2019),(Jiang et al., 2020). This
intensity would need to be generated using RF exposures within IEEE safety guidelines.
The IEEE standard for pulsed RF in a controlled environment is below 20 mW/cm2 for
frequencies between 0.6-6 GHz (IEEE, 1999). For US exposure in biomedical application,






The mechanical index is dependent on the peak negative pressure and the acoustic fre-
quency f.
To assess these parameters, a 2D finite difference code was developed in MatLab to
simulate ultrasound signal and its propagation given varying RF inputs (see Chapter 2 for
more detail). Simulations from this code will provide guidance on the experimental de-




Finite Difference Ultrasound Simulator
2.1 2D Finite Difference Code
A 2D finite difference code was developed in MatLab to model the ultrasound propagation
through media with varying elastic and mechanical properties. For the purposes of this
thesis, the code was adapted from a previous version created internally at MIT Lincoln
Laboratory for simulating seismic wave propagation through fully elastic earth materials.
Since the brain is a viscoelastic material, additional finite difference calculations were de-
rived based on the acoustic wave equation to account for the mostly fluid environment.
This section details the process of how ultrasound amplitude is calculated at each subse-
quent time step for both solid and fluid materials.
2.1.1 Material Property Inputs
To accurately calculate the US wave through varying media, the MatLab code has a graph-
ical interface where the user can input differing material regions and properties including
the bulk modulus (κ), shear modulus (µ), density (ρ), and an attenuation term. From these
values, the acoustic wave velocity is calculated using equations 2.1-2.3, where λ is the first












λ = κ− 2
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µ (2.3)
Because shear waves attenuate very quickly in fluid media, the shear wave velocity is
negligible (Jin et al., 2008),(Mueller et al., 2016). Regions with negligible shear moduli
were treated by the code as anelastic materials (Section 2.1.3).
In addition to the velocity, the attenuation of the US signal as it propagates away from
the source must be calculated for an accurate simulation. Acoustic signals have two con-
tributing terms of attenuation. One is related to geometrical spreading in that the amplitude
of the signal further diminishes as radial distance increases. Geometrical spreading is ac-
counted for in the finite difference equations outlined in sections 2.1.2 and 2.1.3. Proof that
the code follows geometrical spreading is given in Appendix A.
The second attenuation factor is an exponential decay described by equation 2.4. This
term is dependent on the attenuation coefficient of the material the wave is propagating
through.
A = A0e−az (2.4)
In equation 2.4, A0 is the initial amplitude, a is the attenuation coefficient of the ma-
terial, and z is the position of the wave. Amplitude decay is accounted for by multiplying
the exponential term by the finite difference equations described in sections 2.1.1 and 2.1.2
at each time step (equations 2.11, 2.12, 2.15). The attenuation coefficient of a material is
dependent on frequency of the acoustic wave. In order to maintain accurate attenuation
across different simulated frequencies, the user interface allows for input of a term known
as the Quality factor (Q). This is a dimensionless term that can be calculated from the
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attenuation coefficient of a material as shown in equation 2.5. Often, the attenuation coeffi-
cient a is given in units dB/cm/MHz. Therefore, the constant 8.686 is used as a conversion





In equation 2.5, f is the frequency and V is the wave velocity. It can be seen that Q factors
are inversely proportional to the attenuation coefficient. Therefore, a lower Q factor means
that the US signal will attenuate faster than a higher Q factor.
Calculated Q factors and velocities for various materials used in this thesis can be found
in Table 2.1, along with other mechanical properties used as input to the numerical simula-
tions. The top two rows are the phantom materials used in the experimental setup (Chapter
4). Values for quartz were gathered from online data tables (Technical Glass Products Inc.,
nd). Material properties for Zerdine were reported by the manufacturing company, CIRS.
The velocity and attenuation for Zerdine was verified empirically as detailed in Appendix
B. The bottom two rows are the properties for skull and neural tissue. Skull κ and µ were
calculated using elasticity reported in the literature for frontal lobe skull bone (Peterson
and Dechow, 2003) using a Poisson Ratio of 0.3 (Wirtz et al., 2000). Material properties
for neural tissue were calculated to give a velocity of approximately 1540 m/s while main-
taining a density of 1040 kg/m3, as reported in the literature (Mueller et al., 2016). Chosen
values are consistent with empirical evidence where bulk modulus values are between 1-2.7
GPa (Ganpule et al., 2017). Attenuation and density information for the skull and neural
tissue were also gathered from the literature (Pinton et al., 2012),(Wells and Liang, 2011).
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Table 2.1: Material Property Inputs:
Bulk Modulus (κ), Shear Modulus (µ), Density (ρ), Velocity (Vp), Attenua-
tion Coefficient (a), Quality Factor (Q)
Material κ (GPa) µ (GPa) ρ (kg/m3) Vp (m/s) a (dB/cm/MHz) Q
Quartz 37 31 2200 5900 1100 0.042
Zerdine 2.35 3e-6 1030 1510 1.22 148.5
Skull 10.4 4.8 1912 2964 13.3 6.9
Brain 2.46 0 1040 1538 0.6 295.32
Figure 2·1(a) shows an example setup of a cranium geometry with the green region
representing air, dark blue representing the skull, and light blue representing the neural
region. The air region in the simulation is set to have a very low Q factor (1e-8) so that US
signal attenuates very quickly after exiting the skull region. This is to confine the analysis
of US propagation to the cranial region within the simulation. The air region can therefore
be viewed as an absorbing boundary.
In Figure 2·1, each circle indicates an acoustic source where RF has absorbed and cre-
ated an US signal via the thermoacoustic effect. Acoustic sources are placed as originating
in the neural tissue region, as further discussed in Section 2.2.3. In this example, there are
nine sources in a parabolic orientation, however, source amount, orientation, and placement
can be customized by the user. The triangles in this setup represent receivers. These re-
ceivers should not be viewed as a physical part of the design, but rather are used to analyze
the US simulation at these locations. Figure 2·1(b) shows another setup for the phantom
brain geometry used in the experimental design discussed in Chapter 4, with the dark blue
representing quartz and the light blue representing Zerdine hydrogel.
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(a) (b)
Figure 2·1: US Simulation Setup (a) Human Cranium: Green = Air; Dark
Blue = Skull; Light Blue = Neural Tissue
(b) Phantom Brain: Green = Air; Dark Blue = Quartz; Light Blue = Zerdine
2.1.2 Solid Media
When considering acoustic wave propagation through a solid, fully elastic material, such
as the skull, there are three different waves that need to be accounted for including the
compressional (P wave), the vertical shear (SV wave), and the horizontal shear (SH wave).
Propagation directivity of these three terms is expressed in Figure 2·2. Since this is a 2D
code, all three wave components cannot be plotted at the same time. The coupled P and
SV waves are represented in the simulations presented for this thesis. As described in
the literature, the P wave and SV wave can be expressed by equation 2.6 which describes




= (λ+2µ)∇(∇ ·~U)−µ∇×∇×~U (2.6)
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Figure 2·2: Directions of Elastic Wave Components:
P = Compressional; SV = Shear Vertical; SH = Shear Horizontal
In equation 2.6, ρ represents the material density, λ is the first Lamé parameter and µ is
the second Lamé parameter, also referred to as the shear modulus. ~U is a vector of the
horizontal term u and the vertical term w, allowing for the derivation of two coupled partial
differential equations 2.7 and 2.8 (Kelly et al., 1976). Note that these equations follow a































Vp and Vs represent the compressional and shear wave velocity, respectively, and are
given by equations 2.1 and 2.2.
The partial derivatives from equations 2.7 and 2.8 are each replaced with a central finite
difference to give equations 2.9 and 2.10. Assuming that ∆x = ∆y = h, equations 2.9 and
2.10 can be solved for ut+1i, j and w
t+1
i, j where i and j are the current spatial coordinates
(i = row position, j = column position) and t is time. The result are two coupled finite
difference equations 2.11 and 2.12 representing the horizontal and vertical components of
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the propagating US wave at time step t+1(Ottaviani, 1971).
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−
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] (2.10)
ut+1i, j = 2u
t
i, j−ut−1i, j +F
2[uti, j+1−2uti, j +uti, j−1
+F2(1− γ2)[
wti+1, j+1−wti+1, j−1−wti−1, j+1 +wti−1, j−1
4
]
+F2γ2[uti+1, j−2uti, j +uti−1, j] (2.11)
wt+1i, j = 2w
t
i, j−wt−1i, j +F
2[wti+1, j−2wti, j +wti−1, j
+F2(1− γ2)[
uti+1, j+1−uti+1, j−1−uti−1, j+1 +uti−1, j−1
4
]
+F2γ2[wti, j+1−2wti, j +wti, j−1] (2.12)
Here, γ = VsVp and F =
Vp∆t
h is the Courant value representing the number of cells the
wave travels per time step. In order to prevent numerical dispersion, the grid interval in
x and y directions (h) is set such that there are greater than 10 cells per US wavelength.
Further, the time step is chosen to fulfill the stability requirement given in equation 2.13
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such that there is adequate resolution of US propagation dependent on cell size and wave
velocity (Kelly et al., 1976).
∆t =
h√
V 2p +V 2s
(2.13)
2.1.3 Fluid Media
Similar calculations are performed in the fluid medium of the neural region, however, the
significant attenuation of shear waves in the brain results in numerical instability when
using derivations that couple longitudinal and shear wave components. It is therefore more
appropriate to derive finite difference equations for fluid regions from the acoustic wave











Substituting in central finite differences and then solving for pressure amplitude at the
next time step, the acoustic wave equation simplifies to equation 2.15, which reflects equa-
tions 2.11 and 2.12 in solid media.
ut+1i, j = 2u
t
i, j−ut−1i, j +F
2[uti+1, j−uti−1, j +uti, j+1 +uti, j−1−4uti, j] (2.15)
As in equations 2.11 and 2.12, F represents the Courant value Vp∆th . Stability require-
ments for fluid regions mimic those described above in Section 2.1.2 and equation 2.13.
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2.2 Coupling RF Input to Resulting Ultrasound Signal
Section 2.1 described the functionality of the simulator as it applies to US propagation
from a source. To use this simulator as a tool in predicting US signal generated via the
thermoacoustic effect, various assumptions needed to be made and implemented regarding
how RF would impact the resulting US wave. This section details relevant RF inputs and
provides insight for how changing a particular RF parameter impacts calculations within
the code. Specifically, the relevant RF system parameters discussed are peak power, pulse
width, and carrier frequency and the relevant antenna specifications are the size and gain.
2.2.1 Initial US Source
Recall from section 1.3 that the initial US pressure from the thermoacoustic effect is calcu-
lated using the Gruneissen parameter of the material, the RF absorption coefficient, and the
RF fluence. Changing any of these parameters will therefore impact the amplitude of the
US pressure at a particular location. The Gruneissen parameter (equation 1.3) is calculated
from a material’s thermal expansion coefficient (β), the acoustic velocity in the material
(v), and the specific heat capacity (Cp). Table 2.2 lists the values necessary to calculate
the Gruneissen parameter, as well as the RF absorption coefficient at 2 GHz (Andreuccetti
et al., 1997), for each material simulated in this thesis. 2 GHz was chosen here because
that is the carrier frequency used in the experimental design discussed further in Chapter 4.
Table 2.2: Initial Pressure Values:
Thermal Exp. Coeff.(β), Acoustic Velocity(v), Specific Heat Capacity(Cp),
RF Absorption Coefficient µa at 2 GHz
Material β(C−1) v(m/s) Cp(J/kg/C) µa(m−1)
Quartz 5.5e-7 5900 670 0.94
Zerdine 6.9e-5 1506 4178 34.8
Skull 2.75e-8 2964 1313 16.99
Brain 12.3e-5 1540 3700 39.9
As referenced in relation to Figure 2·1, for the simulations in this thesis, US sources
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are placed within the neural tissue layer as opposed to on the surface of the skull. This
placement may seem counterintuitive, as the function of this code is to analyze transcranial
application of RF signal and its conversion to US throughout the layered media of the skull
and brain. However, due to the low absorption and thermal expansion coefficients of both
cortical bone and quartz, very little RF signal is converted into US in these solid layers. For
reference, suppose the RF fluence on a sample is the maximum allowed exposure within
IEEE safety guidelines, 20 mJ/cm2 (IEEE, 1999). Using equation 1.2 and the above values
from Table 2.2, the initial pressure is found to be 0.63 Pa for skull and 5.37 Pa for quartz.
These pressures are relatively low compared to 629.71 Pa for brain tissue and 245.89 Pa
for Zerdine hyrdogel. Therefore, US conversion in skull and quartz layers were considered
negligible and acoustic sources were positioned on the neural tissue layer of the simulation.
To simulate the US signal, a Ricker Wavelet was used, as depicted in Figure 2·3 (Liu
et al., 2013). The calculated initial pressure was multiplied by the Ricker wavelet to give
the peak amplitude of the source. The center frequency of the Ricker wavelet was approxi-
mated to be 1/τ, where τ is the pulse width of the RF signal (Lan et al., 2020),(Patch et al.,
2015),(Yan et al., 2019). In the experimental section of this thesis (Chapter 4), 10 µs was
used as the pulse width. Simulations presented throughout this thesis will therefore have a
frequency of 100kHz, however, higher frequencies can also be simulated when considering
shorter pulse widths.
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Figure 2·3: Ricker wavelet used for the acoustic source.
2.2.2 RF Absorption
Because the sources in this code are specifically acoustic, assumptions were made about
how the RF signal would absorb in the media to generate these sources. In particular, for
every pixel location where RF was assumed to absorb, an acoustic source was created in
that cell with some initial pressure (see Section 2.2.1). This effect is similar to Huygen’s
principle where each point on a wavefront can be considered as its own spherical wavelet.
The general shape of RF absorption was considered to be a Gaussian distribution (Cun-
guang et al., 2011) shown by equation 2.16.





Here, d is the absorption depth, x0 is the center of the focal spot, and w is the beam
width. The absorption depth is defined as the depth at which the RF signal had decayed to
1
e , or 37%, of its initial power. Absorption depths were calculated while accounting for the
absorption coefficients of both the skull and brain layers.
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For the simulation of human tissue, absorption coefficients were gathered from an
online tool based on a study conducted by Gabriel et al.(1996) that calculates dielectric
properties of tissues in the human body over a range of frequencies (Andreuccetti et al.,
1997). Using these properties, Figure 2·4 was created to show RF decay over distance for
a skull/brain interface. This graph assumes the skull layer is 12.7 mm thick, which is the
thickness used for the phantom skull discussed in Chapter 4. Red Xs indicate the depth
at which the RF signal begins to absorb in the underlying neural tissue layer and where
the absorption coefficient changes to a new material. A dotted line is included at 0.37 for
reference of where each curve has decayed to 37% of its original amplitude. As expected,
lower frequencies allow more RF amplitude to transmit through the skull and are able to
penetrate the tissue deeper than higher frequencies.
Figure 2·5 shows images of resulting US signal at varying frequencies with a Gaussian
distribution of acoustic sources representing where the RF absorbs. The absorption depths
correspond to what is seen is Figure 2·4, with decreasing depth as frequency increases.
Additionally, as frequency increases, less RF amplitude makes it through the skull layer to
be converted into US. For the case of 10 GHz (Figure 2·5(d)), only 20% of the initial RF
makes it into the tissue, so the US amplitude is negligible.
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Figure 2·4: RF decay over distance assuming skull/brain absorption coeffi-
cients. Red Xs indicate the point at which RF begins to absorb into under-




Figure 2·5: Gaussian distribution of US sources relating to RF absorption.
Amplitude units are arbitrary and the x and y axis correspond to pixel posi-
tion with a grid interval of 0.024 cm/cell. (a) 1 GHz RF (b) 2 GHz RF (c) 5
GHz RF (d) 10 GHz RF
In addition to the RF depth and shape, a parameter for the beam width was included
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to account for different focal sizes created on the tissue from different sized antennas. For
example, the monopole antennas used for this thesis (Chapter 4) created a 1 cm focal spot
size on the phantom brain. However, a larger antenna, such as a horn antenna, has a larger
aperture size and would create a wider distribution on the sample. Figure 2·6 shows the
difference in width between a monopole antenna and a larger horn antenna with an assumed
focal width of 9 cm.
(a) (b)
Figure 2·6: Width of RF absorption will vary depending on antenna size.
Both simulations assume 2Ghz RF carrier frequency. Grid interval is 0.024
cm/cell. (a) 1 cm focal spot (Monopole) (b) 9 cm focal spot (Horn antenna)
2.2.3 RF Fluence
Finally, the dose of RF energy applied to the sample is needed to determine the initial
pressure at a given location within the RF absorption area. The RF fluence on a target can
be calculated from equation 2.17 where Pd is the RF power at a distance from the antenna






Pd is calculated based on the RF parameters and antenna properties, as detailed in equa-
tion 2.18. Here, Pt is the transmission power from the antenna, R is the radius from the





Pt and G are calculated by equations 2.19 and 2.20, respectively, where Ppeak is the peak
power from the antenna, τ is the RF pulse width, ε is the antenna efficiency and D is the
antenna directivity.
Pt = Ppeak ∗ τ (2.19)
G = ε∗D (2.20)
For all antennas used in this thesis, ε is assumed to be 1. Antenna directivity is a
term that describes how targeted the energy is in a particular direction as compared to an
isotropic antenna that radiates equally in all directions and has a directivity of 1. Therefore,
an antenna that has more directivity than another will deliver a higher concentration of
energy onto a sample, which is directly proportional to the amount of RF fluence on the
material. Accounting for the antenna gain is therefore essential in calculating the correct
dose of RF applied to the sample and in calculating the initial pressure at a particular
location. This concept is discussed further in section 4.3.
24
2.3 Code Summary
To summarize, the 2D finite difference code simulates acoustic sources and ultrasound
propagation. A graphical interface is provided that allows for user defined material proper-
ties, geometry, and source placement within the media. Various functions were created to
couple multiple RF parameters to the generated US in the simulation. These inputs include
changes in RF system parameters such as peak power, pulse width, and carrier frequency,
as well as changes to the size or gain of the RF antennas being simulated.
Changes to the peak power, pulse width, or antenna gain directly change the RF fluence
term, which will impact the intensity of the initial pressure generated at the source. Changes
to the pulse width (τ) of the RF will additionally impact the generated US frequency as
determined by 1/τ.
RF absorption in the material is assumed to be a Gaussian distribution. At each pixel
location within this distribution, an initial pressure is calculated using equation 1.2 that
decays exponentially with distance from the center source location defined by the user.
The absorption depth is determined by the RF carrier frequency of the system and the
absorption width is determined by the size of the antenna and therefore the focal spot size




So far, a 2D finite difference code that accounts for US initial pressure, RF absorption, and
RF fluence has been described. This section will provide examples of the code simulating
various scenarios to illustrate how it can provide insight of an optimum thermoacoustic
array design given different constraints.
3.1 Focusing
The introduction briefly mentioned that an RF phased array would allow for better focusing
and steering capability of the resulting US signal in the brain. This section will highlight
this concept more explicitly through a series of figures and examples. Throughout this
section, the initial pressure is set to 1 Pa unless stated otherwise. Additionally, the simulated
antenna is assumed to be operating at 2GHz carrier frequency and creates a 1 cm focal spot
on the phantom, as is observed with the monopoles in the experimental design discussed in
Chapter 4. Figure 3·1(a) shows the setup on a phantom brain of one antenna. The black box
indicates a block of 3900 receivers that were placed to analyze the US wave. Figure 3·1(b)
then plots the maximum pressure at each receiver location throughout the time course of
the simulation. The x and y axes show the position of the wave with a grid interval of 0.024
cm/cell. This means that the receiving area extends over a region 6 x 3.6 cm. As expected,
a single antenna does not focus the signal in any location, but instead the signal is spread
throughout the entire receiving region.
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(a) (b)
Figure 3·1: (a) 1 antenna setup with 3900 receivers to to analyze US signal
(b) Maximum pressure of each receiver over the entire time course of the
simulation
3.1.1 Example 1: Focusing Within Space Constraint
Suppose the goal is to focus the signal at position (375,300), corresponding to a depth of
4.48 cm from the skull/brain interface. Additionally assume the line array of sources must
have an arbitrary length of 5 cm. 4 sources should be placed within 5 cm on the surface
of the neural tissue. The sources can then be modulated in time so that the outer sources
initiate first, followed by the center sources. The maximum pressure at each receiving cell
is shown in Figure 3·2(a). Already, 4 sources focus the signal better than 1 source, however
the location of that focusing is not at the target position. To assess how source density
affects focusing, the number of sources within the 5 cm distance was increased and the
maximum pressures are plotted in Figure 3·2(b-e).
Figure 3·3 plots the maximum amplitude of all the receivers as source density increases.
Intensity increased to a peak of about 0.69 Pa before stabilizing. Figure 3·4 plots the Eu-
clidean distance from the target location as sources increase. Increasing the source density
caused the focal location to drift farther from the sources and stabilize around position
(375,280). The spacing that was closest to the desired target was 10 sources/5 cm, or about
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2 sources/cm.
Continuing to increase source density past 6 sources/5 cm did not result in significantly
reducing the focal size of the US signal, which maintained a size of approximately 0.26 cm
longitudinally and 0.55 cm laterally. These results are consistent, even as source density
increased to 100 sources/5 cm. From these results, if constrained within 5 cm, an ideal
thermoacoustic line array would have 10 sources equally spaced across this distance. A






Figure 3·2: Maximum pressure at each receiver as source density increases.
Target focal location is (375,300). (a) 4 sources/5 cm (b) 6 sources/5 cm (c)
8 sources/5 cm (d) 12 sources/5 cm (e) 100 sources/5 cm
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Figure 3·3: Maximum pressure as source density increases over 5 cm. Not
included in the graph for clarity was 100 sources, which gave a maximum
pressure of 0.658 Pa
Figure 3·4: Euclidean distance from target (375,300) as source density in-
creased over 5 cm. Not included in the graph for clarity was 100 sources,
which gave a Euclidean distance of 20.
3.1.2 Example 2: Focusing Across Entire Phantom Length
Looking at another example, assume that sources no longer need to be constrained within
a 5 cm distance and instead can be placed along the entire length of the sample (15 cm in
this case). Is it better to place the sources closer together in the center or to take advantage
of the entire space allotted? A constant source density of 2 sources/cm was maintained
while the length of the array was incrementally increased from 5 cm to the full 15 cm.
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Figure 3·5 plots the maximum pressure over the time course of each simulation. Although
the focal spot varies in distance from the target location (375,300), this could be remedied
by increasing or decreasing the source density (Example 1) or tuning the timing delays of
the sources. However, the main finding from this example is that the focal size decreases
(Figure 3·6) and the maximum pressure increases (Figure 3·7) as a constant density of
sources is maintained across larger array lengths. These results indicate that larger arrays
may provide more efficient superposition of the US signal at a target location. This concept





Figure 3·5: Maximum pressure at each receiver while 2src/cm density is
maintained and the length of the array increases. (a) 10 sources/5 cm (b) 14
sources/7 cm (c) 16 sources/8 cm (d) 20 sources/10 cm (e) 24 sources/12
cm (f) 30 sources/15 cm
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Table 3.1: Area of focal size (ellipse) as 2 srcs/cm maintained over longer
arrays. Each cell corresponds to 0.024 cm.
Array Length Num. Sources Area (cells) Area (cm)
5 cm 10 245.04 5.88
7 cm 14 125.66 3.02
8 cm 16 113.1 2.71
10 cm 20 93.46 2.24
12 cm 24 58.9 1.41
15 cm 30 47.12 1.13
Figure 3·6: Area of focal size (ellipse) as array length increases and source
density (2 srcs/cm) remains constant.
Figure 3·7: Maximum pressure as array length increases and source density
(2 srcs/cm) remains constant.
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3.2 Intensity
Superposition of the US signal at a focal location some distance from the source can al-
low for increased pressure amplitude at a target location than can be created from just one
antenna. This concept is best visualized by Figures 3·3 and 3·7 above. Indeed, given the
appropriate spacing and density of antennas, the superposition can result in larger ampli-
tudes even than the initial pressure on the surface, despite continuing attenuation of the US
signal as it propagates away from the source. This effect is seen in Example 2 for the cases
of 10-15 cm array lengths where maximum pressure within the receiving region is greater
than the initial pressure of 1 Pa per antenna. Therefore, finding an ideal antenna configura-
tion could allow for clinically significant US pressures at a distance in neural tissue, while
maintaining RF fluence exposure within IEEE safety guidelines.
Typical US peak pressure required to modulate neural activity is within the range of
0.312-0.8 MPa (Biase et al., 2019),(Jiang et al., 2020). To explore how close to this
value the existing setup of a simple line array against a 15 cm diameter phantom brain
can achieve, 30 sources were evenly spaced along the length of the simulated phantom.
The fluence value was then set to the maximum allowable exposure of 20 mJ/cm2 (IEEE,
1999). To get an accurate initial pressure generated by each antenna, the fluence per an-
tenna was set to 20mJ/cm
2
30antennas . Using equation 1.2, each antenna in this simulation will generate
an initial pressure of 8.1964 Pa in the Zerdine material. Figure 3·8(a) plots the US signal
from the receiver that recorded the maximum pressure in the target location. It can be seen
that the maximum pressure generated after superposition was 10.7833 Pa. This value is
orders of magnitude lower than the desired range of 0.312-0.8 MPa.
The same simulation was run using brain properties of neural tissue, instead of Zerdine.
In this case, an initial pressure of 20.99 Pa was created and a maximum pressure of 26.2314
Pa was recorded (Figure 3·8(b)). While the properties of neural tissue result in more than
double the conversion efficiency of RF signal into US, the maximum recorded signal was
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still significantly less than what would be required to modulate neural activity.
These initial calculations are concerning, since the safety of the device is a priority
for use in a clinical setting. However, it is important to note that this code is limited by
being 2-dimensional. It is possible that more complex geometries, such as a 2D matrix
of antennas, could provide larger superposition of US signal at lower fluence levels. Such
configurations are difficult to accurately model with the existing code. A 3D model, as well
as in lab verification of US signal, would need to be utilized for further investigation.
(a) (b)
Figure 3·8: Maximum pressure recorded when fluence for each antenna =
20mJ/cm2
30antennas (a) Zerdine Properties (b) Brain Properties
35
Chapter 4
Experimental RF Array Design
4.1 Method/Materials
A first attempt at designing a low-powered thermoacoustic focusing array was conducted
at MIT Lincoln Laboratory’s RF Test Flight Facility. A phantom model was used with sim-
ilar dielectric and material properties to the human cranium with fused quartz and Zerdine
hydrogel mimicking the skull and neural tissue, respectively. Previous measurements con-
firming the dielectric properties of Zerdine are reviewed in Appendix B. Figure 4·1 shows
the dimensions of the cylindrical phantom with 10 cm height and 15 cm diameter. The
quartz layer is 12.7 mm thick on the top and 5 mm thick on the sides.
Figure 4·1: Dimensions of Quartz/Zerdine phantom.
The array was constructed using four Taoglas helical monopoles (GW.26.0111) with
a resonant frequency of 2 GHz. A function generator operating at a pulse repetition fre-
quency (PRF) of 100 Hz sent square waves with pulse width of 10 µs to an RF synthesizer
(Agilent 83650B). Multiple trials were run in which RF frequency was swept from 2 GHz –
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2.45 GHz to ensure the antenna was hitting resonance. The signal was amplified to a peak
power of 100 W using an EMPOWER RF Systems amplifier. The RF array was placed
against the quartz side of the phantom and an US transducer was placed touching the Zer-
dine side of the phantom using acoustic coupling gel. 100 kHz and 1 MHz frequency US
transducers were used separately. US signals were recorded using an Olympus data ac-
quisition amplifier and sent to a LeCroy Waverunner oscilloscope for waveform review.
Waveforms were averaged 1024 times to filter out Gaussian noise. The RF array, phantom,
and receiving ultrasound transducer were contained within a shielded box to limit noise
and to contain RF radiation. RF antennas were placed 0.88 inches apart in a line against
the top of the phantom.
4.2 Results
Unfortunately, no thermoacoustic signal was recorded using the above setup. It was orig-
inally considered that RF power was being significantly lost by splitting between the 4
antennas such that a loss of 6 dB (25% of original power to each antenna) occurs in the
splitter in addition to 1 dB of loss in the coaxial cable. This could mean an approximate
decrease of 5 times the intended power supplied to each antenna in the array.
For example, a pulse width of 10 µs and 100 W amplification gives 1 mJ/pulse. Com-
putational simulations show that the RF energy deposition of 1 Taoglas antenna against
the phantom creates a spot size of 1 cm diameter (Figure 4·2e). Assuming that 100% of
the transmitted power absorbs into the phantom, an energy density of 1.27 mJ/cm2 can be
calculated from a single antenna. However, for the 7 dB loss described above in the RF
array orientation, each antenna gives an energy density of only 0.25 mJ/cm2. To assess the
impact of splitting power across multiple antennas, subsequent trials were run using only
1 antenna against the phantom, again with 100 W amplification and 10 µs pulse width. As





Figure 4·2: Antenna Specifications. The images in this figure were created
by Alan Fenn of MIT Lincoln Laboratory (a) Taoglas Helical Monopole (b)
Reflectance of RF antenna (c) Omnidirectional radiation pattern (d) Antenna
gain approx. 1.68 dBi (e) 1 cm Spot size of energy deposition against the
phantom
4.3 Discussion
To analyze why no signal was observed, it is helpful to compare this setup to the one




Figure 4·3: Experimental Setup. (a) Wiring Diagram (b) Linear array
against phantom brain
successfully generated within the quartz/Zerdine phantom. In 2018, a horn antenna was
used with 2 kW peak power and a 10µs pulse width, giving an energy of 20 mJ/pulse.
While this energy is higher than the 1 mJ/pulse from the current study, the aperture for the
horn antenna was 21.3 cm x 5.4 cm. Dividing the transmitted power by the area gives a
fluence of approximately 0.17 mJ/cm2, which is less than the 1.27 mJ/cm2 calculated for
the monopole antennas with 100 W peak power.
These fluence calculations are consistent with other studies from the literature that use
the thermoacoustic effect for imaging purposes. Two studies in particular stand out in this
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regard. Yan et al. 2019 acquired thermoacoustic signals on a tissue phantom through an
adult human skull using 60 kW peak power and 1.2 µs pulse width (Yan et al., 2019).
Additionally, Xu et al. 2006 acquired thermoacoustic signals through 3 mm thick Rhesus
monkey skull using a horn antenna operating at 3 GHz, 2 kW peak power, and 0.5 µs pulse
width (Xu and Wang, 2006). The approximated fluences from these studies are 0.706 mJ/
cm2 and 0.095 mJ/cm2, respectively. In both cases, the fluence is less than 1.27 mJ/cm2
calculated for the omnidirectional antennas used in this thesis.
There is one similarity between these studies and the one performed in 2018 by MIT
Lincoln Laboratory that could account for a lack of thermoacoustic signal in the current
setup. In all three studies mentioned, a horn antenna was used, as opposed to monopoles.
As discussed in section 2.2.3, different antennas have different gain factors that can con-
tribute to the concentration of energy applied to a target. In particular, horn antennas typi-
cally have a gain of 10-20 dB (Bhagwat and Raikwar, 2013), as compared to a gain of 1.68
dB observed for the Taoglas monopoles (Figure 4·2(d)). The increased gain of a horn an-
tenna can be attributed to its increased directivity over an omnidirectional antenna, which
radiates equally in all horizontal directions (Figure 4·2(c)). It is important to note that the
gain term in equation 2.18 is a dimensionless ratio. To convert between units of dB and the
dimensionless ratio, equation 4.1 is used. Together, equations 2.18 and 4.1 show that horn
antennas could provide a fluence of 10-100 times greater than omnidirectional antennas.
G[dB] = 10log(G) (4.1)
The US simulator described in Chapter 2 was used to verify the results obtained in
this study compared to the previous study conducted in 2018. Figure 4·4 shows simulated
pressure differences approximately 5 times greater when accounting for differences in gain
between the horn antenna and the Taoglas omnirectional antennas. Figure 4·4(a) shows the
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simulation setup of the current study with 4 acoustic sources (circles) in the quartz/Zerdine
phantom assuming omnidirectional RF antennas (Gain = 1.68 dB). Consistent with experi-
mental design, sources were placed 2.2 cm apart (93 cells). A receiver (triangle) was placed
on the opposite side of the sample, as was done experimentally. Each acoustic source ex-
hibits a focal radius of 0.5 cm as simulated in Figure 4·2(e). RF input parameters mimic the
experimental setup above including peak power of 20 W per antenna to account for splitting
loss, 10 µs pulse width, and 2 GHz carrier frequency. Figure 4·4(b) shows simulated peak
pressure amplitudes of approximately 0.37 Pa, which may have been difficult to separate
from background noise and could explain why no thermoacoustic signal was observed.
Figure 4·4(c) shows the simulation setup assuming the same RF inputs as used in the
MIT Lincoln Laboratory study from 2018. RF parameters include a single source with focal
diameter of approximately 10 cm, 2 kW peak power, 10 µs pulse width, and 2 GHz carrier
frequency. The gain of the RF fluence was set to be 10 dB, giving a simulated pressure
amplitude of approximately 1.76 Pa received on the opposite side of the phantom. This
higher simulated pressure as compared to the 0.37 Pa received from the omnidirectional
antenna array verifies empirical data where thermoacoustic signal was observed in 2018,
but not in the setup used for this thesis.
These simulations further imply that higher antenna directivity is required for efficient
conversion of RF to US signal. Moving forward, the omnidirectional antennas could be
tested with larger peak power to achieve the desired amplitude necessary to distinguish
acoustic signal from background noise. Alternatively, if the goal is to maintain a lower peak
power of 100 W, then antennas of similar size with higher directivity than the monopoles




Figure 4·4: Simulated US pressure of omnidirectional array vs. horn an-
tenna. (a) Omnidirectional setup (b) Simulated peak pressure of 0.37 Pa
received on the opposing side of the phantom from omnidirectional anten-
nas. (c) Horn antenna setup (d) Simulated peak pressure of 1.76 Pa received




This thesis presents a 2D finite difference code that couples RF input to US signal gener-
ated via the thermoacoustic effect in both solid and fluid media. Although in this thesis the
simulator was discussed in the context of neural modulation, this tool could be utilized for
many other applications, such as thermoacoustic imaging. Further, the graphical interface
allows the user to input any material properties they want to model, meaning this code is
not limited to neural applications. Example simulations from Chapters 2 and 3 illustrate
how changing the design of the RF array such as the spacing, carrier frequency, or antenna
aperture size can predict changes in the simulation of the initial RF absorption and conse-
quent propagation of US from the source location. An ideal array can then be simulated by
the user given various design specifications and constraints.
There are many trade-offs to consider between an ideal design and a practical one. For
example, Section 3.1.1 simulated that an ideal source density to maximize focusing and
intensity within a 5 cm long array was 2 srcs/cm. This introduces a logistical challenge
to find antennas small enough to fit this constraint, while still having the correct power
rating and efficiency. Recall from Chapter 4 that the monopole antennas used in this study
were 8 mm wide, which are too large for this condition. Further, the antennas used in
this thesis radiated an omnidirectional pattern. Simulations suggest that horn antennas
with a more directed radiation pattern can provide more efficient conversion of RF to US,
despite the fact that this energy is spread over a larger area within the sample. Larger peak
powers are necessary to generate significant acoustic signal in the phantom brain using the
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omnidirectional antennas. Conversely, to maintain low peak power of 100 W, antennas of
larger gain, but of the same size as the omnidirectional antennas, are necessary for efficient
conversion of RF to US through the thermoacoustic effect.
In addition to antenna specifications, the efficiency of the thermoacoustic effect is also
limited to the material properties of the absorbing tissue. Neural tissue has relatively low
absorption and thermal expansion coefficients as compared to other, more conductive ma-
terials. This fact provides a challenge in generating sufficient pressure in the brain at low
fluence levels. However, simulations of the thermoacoustic effect in neural tissues pro-
vide promising results that an RF phased array would allow for transcranial steering and
focusing of US at various target locations using coherent interference and superposition.
Example 2 from Chapter 3 showed that larger arrays resulted in focusing maximum pres-
sures larger than the initial pressure generated by each antenna at the surface. This means
that a large enough array could spread the fluence out to maintain safe exposure levels,
while then maximizing US pressure at a targeted location. The finite difference code pre-
sented here is limited to 2D models. Therefore, configurations such as a 2D matrix array of
RF antennas are difficult to realize within the program. Further investigation of more com-
plex array geometries need to be analyzed to allow maximum pressure amplitude within
the brain while maintaining low RF exposure levels.
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Appendix A
Proof of Geometrical Spreading
Figure A·1 shows the receiver placement to verify the geometrical spread of the acoustic
model. The green background corresponds to air, dark blue is an elastic medium with
positive shear modulus, and light blue corresponds to an approximately fluid medium where
shear velocity is negligible. 250 receiver nodes, one in each cell, were placed from the
source to the edge of the fluid medium. For this verification, damping attenuation was
disregarded and only geometrical spreading loss was recorded. The maximum amplitude
from each receiver was plotted against the radial distance from the source. The relationship







where A is the acoustic amplitude and R is the radius from the source. A spread of
1√
R
signifies cylindrical, rather than spherical, spreading loss. This result is consistent with
a 2D model of Cartesian coordinates. The third dimension is infinite, so it is difficult to
accurately model a perfectly symmetric point source radiating in all directions.
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Figure A·1: Source and receiver setup to verify geometrical spreading of
finite difference code. A line of 250 receivers were placed in each cell from
the source to the edge of the fluid medium.
(a) (b)
Figure A·2: The geometrical spreading is approximately equal to what
would be expected for a cylindrical loss where A ≈ 1√
R
(a) Graph of max
amplitude against radial distance from source compared to expected cylin-
drical spreading loss. (b) Simulated US signal decreasing in amplitude with
increasing distance from source.
Appendix B
Zerdine Property Verification
Zerdine hydrogel was chosen to mimic neural tissue due to its similar dielectric properties.
Figure B·1 was created by Alan Fenn of MIT Lincoln Laboratory comparing the dielectric





Figure B·1: (a) Zerdine dielectric constant vs white and gray neural tissue
(b) Zerdine attenuation vs white and gray neural tissue (c) Zerdine conduc-
tivity vs white and gray neural tissue
The ultrasound velocity and attenuation in the Zerdine phantom were verified empiri-
cally for use in the numerical simulation. Figure B·3 shows the ultrasound wave detected
from a 1MHz transducer that was both transmitting and receiving an acoustic pulse. In
the first 100 µs, there is significant noise from the transducer that obscures the ultrasound
signal. Within the red box of Figure B·3(a), however, two back reflections are visible that
were used to calculate ultrasound propagation through the phantom. Figure B·3(b) zooms
in on these back-reflections for reference.
Recall the geometry of the Zerdine phantom as depicted in Figure B·2. The ultrasound
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transducer sends out an acoustic pulse that is reflected off the quartz back to the transducer.
Both pulses in Figure B·3(b) represent such a reflection. Therefore, the distance traveled
between each pulse (∆d) is 2d, where d is the length of the phantom. The time difference
between each pulse (∆t) is 132.8 µs. The velocity is then determined from equation 1 to be
1506 m/s. This finding is consistent with reports from the company (CIRS) of an acoustic
velocity between 1480-1650 m/s.
Figure B·2: Quartz/Zerdine phantom dimensions. The US transducer sends
out an acoustic pulse that rebounds off the quartz and reflects back to be
recorded.
Ultrasound attenuation can be determined from the same reflections in Figure B·3(b).
The difference in pressure amplitude (∆P) between each pulse is 294 mV. The difference
of acoustic intensity is given by equation B.1.
∆I = 20∗ log(∆P) (B.1)
Dividing ∆I by ∆d = 20 cm, it can be verified that Zerdine has an attenuation coefficient
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of 1.22 dB/cm/MHz. This attenuation is consistent with what is reported by the company,





Figure B·3: (a) US signal from 1 MHz transducer transmitting and receiv-
ing against the phantom brain. Red box indicates 2 back reflections. (b)
Zoomed in on reflections used for analysis of velocity and attenuation within
Zerdine. Red arrows indicate the signals of interest.
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